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Mapping of the Interaction Interface of DNA
Polymerase  with XRCC1
represent the complete structure of the active DNA poly-
merase X [3, 4]. The N-terminal domain of XRCC1 (resi-
dues 1–183) has been shown to bind -Pol in vitro [2],
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[5]. The C-terminal BRCT-II (breast cancer susceptibilityUniversity of Connecticut Health Center
Farmington, Connecticut 06030 protein-1 homology C-terminal) domain binds DNA li-
gase III [6]. 1HN and 15N chemical shift mapping (CSM)2 Laboratory of Structural Biology
National Institute of Environmental studies of the XRCC1 NTD in complex with the -Pol
palm-thumb domain have identified the binding surfaceHealth Sciences
National Institutes of Health of XRCC1, from which a three-dimensional model of
interaction has been proposed [5].Research Triangle Park, North Carolina 27709
The advent of TROSY techniques [7] has allowed the
study of larger proteins and protein complexes, the study
of which had previously been inhibited by the broadSummary
spectral lines characteristic of slow molecular tumbling.
In this work, we have used the methodology of L.E. KayResidues of DNA polymerase  (-Pol) that interact
and coworkers [8], whereby isotopically labeling onewith the DNA repair protein XRCC1 have been deter-
component of the complex (-Pol) uniformly with 15Nmined by NMR chemical shift mapping (CSM) and mu-
and 13C and selectively with 2H, such that, while all thetagenesis. 15N/13C/2H/1H,13C-methylLeu,Ile,Val-labeled -Pol
labile hydrogen nuclei are 1H, the only nonlabile 1H nucleipalm-thumb domain was used for assignments of the
in the protein are the methyl protons of valine, leucine,1H, 15N, and 13C resonances used for CSM of the palm-
and the -methyl protons of isoleucine. Such a highthumb on forming the 40 kDa complex with the XRCC1
level of deuteration has two significant benefits: (1) theN-terminal domain (NTD). Large chemical shift changes
reduction in 1H-1H crossrelaxation enhances the TROSYwere observed in the thumb on complexation. 15N
effect, and (2) the reduction in 1H-13C relaxation lossesrelaxation data indicate reduction in high-frequency
yields more highly sensitive triple-resonance experi-motion for a thumb loop and three palm turn/loops,
ments used in backbone assignments. Assignments forwhich showed concomitant chemical shift changes on
the free -Pol palm-thumb and the 40 kDa -Pol palm-complexation. A V303–V306 deletion and an L301R/
thumb XRCC1 NTD complex have allowed us to pre-V303R/V306R triple mutation abolished complex for-
cisely map the site of XRCC1 NTD interaction with themation due to loss in hydrophobicity. In an updated
-Pol palm-thumb domain.model, the thumb-loop of-Pol contacts an edge/face
region of the  sheet of the XRCC1 NTD, while the
Results and Discussion-Pol palm weakly contacts the 2 helix.
Chemical Shift MappingIntroduction
The heteronuclear NMR CSM method was used to char-
acterize the residues and structural elements of the 22DNA polymerase  (-Pol) and X-ray crosscomplement-
kDa palm-thumb domain of -Pol that form the interac-ing group 1 (XRCC1) are involved in the base excision
tion interface with the 18 kDa XRCC1 NTD. Completerepair (BER) pathway in mammals. -Pol has both a
assignments for heteronuclear resonances for the -Pollyase and polymerase activity, removing deoxyribose
palm-thumb, both free and in the complex, were ob-5-phosphate from abasic sites and polymerizing DNA
tained with a uniformly 15N/13C/2H triple-labeled -Polat the damaged site, respectively [1]. XRCC1 forms com-
palm-thumb containing back-incorporated 13C/1H-plexes with -Pol, DNA ligase III, and poly-ADP-ribose
labeled methyl groups for valine and leucine and thepolymerase (PARP) and is believed to play roles in both
-methyl of isoleucine [9]. For the -Pol palm-thumblocating damaged DNA sites and recruiting BER machin-
domain, the only observable proton resonances wereery to such sites [2]. Complex formation of the XRCC1
those of the labile protons (i.e., amide protons) and theN-terminal domain with the -Pol-gapped DNA complex
66 methyl resonances corresponding to the 15 leucine,would result in a DNA damage site being surrounded
12 valine, and 12 isoleucine residues, the assignmentsand protected from further degradation.
for which have been reported previously [10].DNA binding and dRP lyase activity are associated
One of the less talked about benefits of triple labelingwith the N-terminal portion of -Pol. The nucleotidyl-
proteins with methyl-selective protonation is that thetransferase activity is localized to the C-terminal “palm”
reduced spectral window in the methyl 13C dimensionand “thumb” subdomains of -Pol, subdomains that
is approximately the same as that of the amide 15N di-
mension. Because of this similarity as well as the ab-3 Correspondence: gryk@neuron.uchc.edu
sence of overlap between amide protons and methyl4 Present address: Department of Biological Chemistry and Molecu-
lar Pharmacology, Harvard Medical School, Boston, Massachusetts
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protons, both nitrogen and carbon HSQCs were simulta- to the thumb subdomain and encompassed the thumb
loop (301–316), the two  strands consisting of residuesneously acquired in a single spectrum (Figure 1) [11].
The dual acquisition (15N, 13C) HSQC spectra of the -pol 291–294 and 297–300, and the adjoining C-terminal 
helix and residues in the extended region C-terminal topalm-thumb alone and of the -Pol palm-thumb in com-
plex with the XRCC1 NTD show distinct spectral differ- the helix (Figure 3). The C-terminal 310 helix did not show
chemical shift changes of these magnitudes (Figure 3).ences on complexation. Line widths for the spectrum
of the complex indicated that averaging of the chemical Indirect chemical shift perturbations of a lesser magni-
tude, however, were observed throughout the thumbshifts was on a slow-exchange timescale, as found pre-
viously [5]. The 1HN, 15N, 13C, 13C, and 13C resonance subdomain. The extent of the 15N and 1HN chemical shift
changes throughout the thumb subdomain suggestedassignments of the -Pol palm-thumb in the complex
used TROSY-based backbone experiments and com- a possible structural rearrangement in the thumb on
binding XRCC1 NTD. As described in the next section,parative analysis of 2D and 3D spectra. Even though, in
most cases, the TROSY-enhanced spectra did not re- significant secondary-structural changes in the palm-
thumb were not observed; however, changes in hydro-veal the sequential connectivities between residues in
the complex, the proximity-based assignments utilized gen bond strength or localized changes in tertiary pack-
ing may account for the indirect effects.all five resonance frequencies for the five different nuclei
and provided correct assignments. Such assignments The chemical shift effects at the C-terminal  helix
and the adjoining C-terminal extended region in thewould have been erroneous, in several cases, had they
been made on the basis of 1HN and 15N resonance prox- thumb were observed for all backbone nuclei, and the
consensus chemical shifts indicate perturbation through-imity alone. Thus, for example, without 13C, 13C, and
13C assignments, the resonance of E309 in the complex out this helix. These results are particularly interesting
in view of the mechanism for interaction by the thumb,(Figure 1B) might easily have been misassigned to L311
or R326. In general, 13C and 13C were the most reliable which suggests no direct contacts by this helix with the
XRCC1 NTD. In the thumb, Tyr322 of the C-terminal resonances for assignment purposes for two reasons.
One, the chemical shifts of the 13C and 13C resonances helix packs with hydrophobics in the  sheet (Phe291
and Ile298) and in the thumb loop (Leu311). Phe320 inwere the least affected by binding (Figure 2). Two, the
resonance frequency dependence on amino acid type, the  helix packs between Trp325 and Tyr327 in the
adjoining C-terminal loop. Changes in these contacts,rather than on magnetic environment, for the 13C and
13C resonances [12–14] results in their being most useful particularly among the extensive number of aromatics
in the  helix loop, would account for the indirect effects.for making amino acid-type assignments.
A noticeable trend seen in the profiles of the backbone For the palm subdomain, small, but significant, chemi-
cal shift perturbations for 1HN and 15N resonances (Fig-resonances is that the extent of chemical shift perturba-
tion upon complexation decreases from 1HN to 15N to ure 2) were observed for residues in a localized region
formed by two adjacent loops in the palm (Figure 3) that13C to 13C. With this observation, the sensitivity of a
given nucleus can be ranked in increasing order, 13C  included residues 202–203, which are located in a loop
between a  sheet and an  helix in the palm subdomain13C  15N  1HN. In general, 13C shifts appear to be
correlated with 15N shifts of the following residue, likely and the loop that connects to the thumb. Since no other
residues are affected within approximately 60 residuesbecause of the resonance structure of the amide bond.
Chemical shift changes for 1HN, 15N, 13C, 13C, and along the primary sequence nor within 8 A˚ through
space, the effects are not indirect. These findings for13C resonances and the 1H and 13C methyl resonances
of the Ile, Val, and Leu side chains were determined on residues 202–203 and 263 prompted us to use a CSM
criterion whereby the mean and standard deviation wereforming the 40 kDa complex with the XRCC1 NTD (Figure
2), and statistically significant chemical shift changes calculated only with data from the palm subdomain, and
different thresholds of significance were used for thefor the 1HN, 15N, and 13C resonances were mapped onto
the ribbon representation of the crystal structure of palm (2.5 standard deviations [SD] from the mean) and
the thumb (10 SD from the mean) subdomains. A turn-Pol [15], as shown in panels A, B, and C (Figure 3)
and also shown as a consensus of these chemical shifts formed by residues 294–297 connecting the antiparallel
 strands of the thumb shows significant chemical shift(Figures 3D and 3E). For all backbone nuclei, relatively
large chemical shift changes (Figure 2) were localized changes and appears to form a third wall of a pocket
Figure 1. Dual Acquisition (15N, 13C) HSQC
HSQC spectrum (black) of 1 mM triple-labeled 22 kDa -Pol palm-thumb domain superimposed with the HSQC spectrum (magenta) of the
40 kDa complex of 700 M triple-labeled -Pol palm-thumb domain complexed with 1.1 mM unlabeled XRCC1 NTD. Each dual acquisition
spectrum was collected with a single incremental t1 delay.
(A) Nitrogen-proton correlations are found in the left (yellow background) portion of the spectrum (6–11 1H ppm) and are referenced with the
left legend. Carbon-proton correlations are found in the right (green background) portion of the spectrum (0–2 1H ppm) and are referenced
with the right legend. Large-scale changes in the positions of the crosspeaks on complexation are illustrated with arrows. Note that, since
the only protonated 13C atoms are the methyl carbons, these spectra can be acquired into this small spectral window without aliasing any
peaks. As methyl groups have three degenerate protons, the right portion of the spectrum has been plotted with 3-fold-higher contour levels.
Carbon-carbon couplings are not suppressed in the pulse sequence, resulting in a doublet in the carbon dimension.
(B) Expanded region of the superimposed 15N HSQC spectra of the -Pol palm-thumb and the -Pol palm-thumb complexed with the XRCC1
NTD. TROSY HNCACB and HNCO experiments were vital in confirming the correct peak shift assignments (blue arrows) over the erroneous
assignments based on 1H and 15N proximity alone (green arrows).
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Figure 2. Chemical Shift Changes
Chemical shift differences (ppm) between the -Pol palm-thumb and the -Pol palm-thumb XRCC1 NTD complex versus residue number.
The vertical dashed line indicates the boundary between the palm and thumb subdomains. In the top three panels, the horizontal dashed line
in the palm subdomain represents 2.5 SD from the mean; the horizontal dashed-dotted line in the thumb subdomain represents 10 SD from
the mean. The standard deviation was calculated solely with the data from the palm subdomain. The side chains of isoleucine, leucine, and
valine have multiple assigned protons and carbons. For these residues the chemical shift difference in side chain carbon and side chain
hydrogen are also given in the bottom two panels, as the vector sum of differences of all observed atoms. For leucine, for example, |Cside chain|2 
C	2 
 C12 
 C22.
formed by the 294–297 turn, the 201–206 loop, and the of the previously postulated mechanism of interaction
between XRCC1 and -Pol [5]. In the updated model,260–264 loop.
The chemical shift mapping of the -Pol palm-thumb the thumb loop makes primary contacts with the five-
stranded hydrophobic  sheet of the XRCC1 NTD, asrepresents the complementary approach to the pre-
viously published chemical shift mapping of the XRCC1 postulated previously, but, in addition, the 2 helix of
the XRCC1 NTD nestles inside the pocket formed byNTD [5]. The mapping of -Pol has confirmed, in large
part, the previous model but has allowed the refinement three turns/loops in -Pol (201–206, 260–264, and 294–
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Figure 3. Chemical Shift Mapping
Significant chemical shift changes mapped onto the revised model of XRCC1 interaction [5]. Chemical shifts were classified as significant if
they differed by 2.5 SD from the mean in the palm subdomain or by 10 SD from the mean in the thumb subdomain. Both thresholds used the
standard deviation calculated solely on the basis of data from the palm subdomain.
(A) Changes in 1HN chemical shifts are mapped in yellow onto the crystal structure (1BPY) of -Pol (blue) with gapped DNA (red). The -Pol
8K-fingers and palm-thumb subdomains are shown in cyan and blue, respectively; the XRCC1 NTD is shown in yellow.
(B) Changes in 15N chemical shifts are mapped in orange onto the ribbon of the crystal structure (1BPY) of the -Pol 22 kDa domain.
(C) Changes in 13C chemical shifts are mapped in pink onto the ribbon of the crystal structure (1BPY) of the -Pol 22 kDa domain.
(D) Consensus changes are mapped in gold onto the ribbon of the crystal structure (1BPY) of the -Pol 22 kDa domain.
(E) Surface diagram of the crystal structure (1BPY) of the -Pol 22 kDa domain showing the consensus chemical shift changes highlighted
in gold. For the consensus diagrams, a residue is highlighted if either the residue shows a significant shift in at least two of the three chemical
shifts (1HN, 15N, and 13C) or both the residue and an adjacent residue show a significant shift in at least one of the three chemical shifts.
297) (Figure 3A). In the refined model, the XRCC1 NTD analysis of -Pol. Furthermore, an independent muta-
genesis study of the XRCC1 NTD has provided directorientation differs from that previously published by
12, 14, and 16 rotations along the x, y, and z axes, evidence for the interaction by the 2 helix and the
five-stranded  sheet of the XRCC1 NTD with -Pol (A.respectively. This refined model is additionally sup-
ported by the relaxation rate analysis and the mutational Marintchev et al., submitted).
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Figure 4. Chemical Shift-Based Secondary
Structure Determination
Schematic representation of the predicted
and observed secondary structure for the
palm-thumb domain alone (A) and in complex
with the XRCC1 NTD (B).  helices, black cyl-
inders;  sheets, gray arrows. Predictions
from chemical shift are shown for the chemi-
cal shift index (CSI) [16], probability-based
secondary structure identification (PSSI) [17],
and for torsion angle likelihood obtained
from shifts (TALOS) [18]. The secondary
structure from the crystal structure is shown
as 1BPY [15].
Secondary Structure for the -Pol Palm-Thumb weight complex, no significant changes in secondary
structure in the -Pol palm-thumb were observed onin the XRCC1 NTD Complex and Comparison
with the Free Protein binding the XRCC1 NTD (Figure 4B). These results indi-
cate that the chemical shift changes observed in theIn order to determine whether there were any changes
in secondary structure upon binding the XRCC1 NTD, CSM analysis of the -Pol palm-thumb domain are
caused by both direct effects resulting from interactionthe chemical shifts of the -Pol palm-thumb alone and
in complex with the XRCC1 NTD were analyzed for sec- with the XRCC1 NTD and a contribution from indirect
effects. Slight changes in the strength of amide H–Nondary structure, and the predicted secondary structure
was compared with the results of the X-ray structure hydrogen bonding within helices or between strands are
a source of indirect effects that could produce signifi-of the -Pol-dNTP-Mg2
-gapped DNA ternary complex
(1BPY). In one approach, the CSI (chemical shift index) cant chemical shift changes to amide protons [19].
In the above methods, CSI used C, C, and C shifts,[16] and PSSI (probability-based secondary structure
identification) [17] protocols were utilized for obtaining PSSI used HN, N, C, C, and C shifts, and TALOS
used N, C, C, and C shifts for determining secondarysecondary-structural information directly from the chem-
ical shifts (Figure 4A). In a second method, TALOS (tor- structure. Of further interest was a comparison of the
secondary structure elements of the -Pol palm-thumbsion angle likelihood obtained from shifts) [18] was used
to compare the observed chemical shifts directly with to those observed in the crystal structure of the -Pol-
dNTP-Mg2
-gapped DNA ternary complex (1BPY) [15].a database of shifts from proteins with known three-
dimensional structure. The TALOS method relies on a The CSI method determines many of the structural ele-
ments in -Pol but does not predict several  strandshigh degree of correlation between observed chemical
shift and backbone torsion angles among a large group and an  helix present in the crystal structure and deter-
mined by the PSSI and TALOS programs. The error inof determined structures. Apart from a general shorten-
ing of secondary structural elements, because of assign- determining these secondary structures likely results
from a lack of data for H, which was not available forments being less complete for the high-molecular
Mapping the -Pol-XRCC1 Interaction Interface
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Figure 5. 15N Relaxation at 600 MHz
R1 (s1), R2 (s1), and {1H-15N} NOE versus the residue number for the 22 kDa -Pol palm-thumb () and its 40 kDa complex with XRCC1 NTD
(). The secondary structure schematic shown in each panel uses the secondary structure from the crystal structure.
this highly deuterated system. TALOS predicted all of cal shift data also provide evidence that this region lacks
the secondary-structural elements observed in the crys- secondary structure content in the complex. We next
tal structure, except for the 310 helix. Additionally, four addressed the questions of whether this loop displayed
 strands were predicted that were classified as ex- dynamical motion and whether changes in the dynamics
tended in the crystal structure because of a lack of  for these residues occurred on binding the XRCC1 NTD.
strand pairing via canonical hydrogen bonds. For backbone dynamics analysis, 15N relaxation rates
and 1H-15N NOEs were measured for both the -Pol
palm-thumb and for the -Pol palm-thumb XRCC1 NTDRelaxation Analysis
complex at 600 MHz.The chemical shift mapping data implicate the large loop
Within the error of the measurement, the 15N longitudi-between residues 301 and 316 as the major component
of the binding interface with the XRCC1 NTD. The chemi- nal (R1) and transverse (R2) relaxation rates, as well as
Structure
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Figure 6. Reduced Spectral Density Map-
ping at 600 MHz
J(0), J(N), and J(H) versus the residue
number for the 22 kDa -Pol palm-thumb ()
and its 40 kDa complex with XRCC1 NTD ().
The horizontal line is drawn at 0.65 SD from
the mean. The secondary structure sche-
matic shown in each panel uses the second-
ary structure from the crystal structure.
the heteronuclear 1H–15N NOE values measured for the correlation time of 11.91 ns  1.28 ns. This is consistent
with (although slightly lower than) 13.8 ns, the value-Pol palm-thumb (Figure 5), showed relatively small
deviations per residue with respect to the average val- expected from comparison with other proteins reported
in the literature at 25C [20]. Residues 243–249 of theues in the protein, except for residues 243–249 of the
palm and residues 301–308 of the thumb. The rates give palm and residues 301–308 of the thumb have elevated
R1 values, diminished R2 values, and reduced NOE val-a trimmed T1/T2 ratio of 14.95  2.97 and yield an overall
Figure 7. High-Frequency Motions Mapped onto -Pol
(A) Large-scale (greater than 0.65 SD from the mean) high-frequency motion (J(H)) is mapped in light red onto the crystal structure of the
-Pol 22 kDa domain (1BPY).
(B) Large-scale high-frequency motions observed in -Pol alone but suppressed in its complex with XRCC1 are mapped in yellow. Residue
303 is labeled in yellow because of effects on its neighbors, although no relaxation data were available for this residue in the complex.
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Figure 8. 500 MHz 15N HSQCs of Mutant -Pol Palm-Thumb
(A) Six hundred micromolar V303–V306 deletion mutant in 150 mM NaCl, 50 mM PO4, 10 mM DTT, 100 M AEBSF, and 0.01% NaN3 (pH
6.8). The location of residues 303–306 in the wild-type protein are each illustrated with an “x”.
(B) Four hundred micromolar L301R/V303R/V306R triple mutant under the same conditions as in (A). The position of the three mutated residues
in the wild-type protein are each illustrated with an “x”.
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ues relative to the rest of the protein, indicative of high- observed for the-Pol palm-thumb and the XRCC1 NTD,
respectively. The lack of binding of the mutants showsfrequency, picosecond timescale motions. These re-
gions have poor electron density and are modeled as that the -Pol thumb loop directly participates in a mo-
lecular interaction with XRCC1. The deletion mutantextended loops in the crystal structure, consistent with
the dynamics in solution. shows that the hydrophobic residues are necessary,
while the triple-arginine mutant shows that replacementRelaxation data measured for the -Pol palm-thumb
XRCC1 NTD complex (Figure 5) are dramatically differ- of the hydrophobic residues with positively charged res-
idues abolishes a hydrophobic interaction with XRCC1.ent from those of the -Pol palm-thumb alone. The
trimmed R1 is 0.54 s1 for the -Pol palm-thumb alone
versus 1.07 s1 for the complex, and the trimmed R2 is Biological Implications
35.26 s1 for the -Pol palm-thumb alone versus 17.34
s1 for the complex. These results are due to the drasti- The DNA polymerase X family of DNA polymerases ex-
hibits multiple conformational states, as observed in thecally larger correlation time for the 40 kDa complex,
which is in slow exchange on the relaxation timescale. various high-resolution structures of DNA polymerase
, DNA polymerase X, and terminal deoxynucleotidylThe trimmed T1/T2 ratio for the complex is 47.62 28.61,
yielding an overall correlation time of 21.87 ns  6.73 transferase. Low-frequency transitions between an
“open” and “closed” state were not observed for thens, again consistent with, although slightly lower than,
25.5 ns, the value expected from the plot described by -Pol palm-thumb in this study, implying that, in solu-
tion, -Pol significantly populates only one of the multi-Maciejewski et al. [20]. Other than the global changes
in relaxation rate stemming from a change in the overall ple states. High-frequency modes of motion were ob-
served in selected extended regions throughout thecorrelation time, segmental differences in the R1, R2, or
NOE profiles could not be readily discerned. protein. Upon binding the XRCC1 NTD, the amplitudes
of several of these high-frequency motions wereThe relaxation data were next analyzed with the re-
duced spectral density mapping procedure [21]. A plot damped, which, together with chemical shift data, al-
lowed us to map the XRCC1 binding interface. Determin-of the spectral density function mapped at three fre-
quencies (0, N, and H) (Figure 6) indicates that, on ing the contacts between XRCC1 and -Pol is critical
for understanding the structural basis of XRCC1/-Polbinding the XRCC1 NTD, certain high-frequency mo-
tions (apparent from J(H)) are damped in the com- interaction and the putative role of XRCC1 in protecting
damaged DNA sites from further damage. This informa-plex. This damping of motion occurs for residues 302–
307, which comprise the extended loop in the XRCC1 tion allowed the design of two-Pol mutants (the L301R/
V303R/V306R triple mutant and the V303–V306 dele-binding interface (Figure 7), and also for residues 207,
264, 295, and 298. Residues 207, 264, and 295 form a tion mutant), which no longer bind XRCC1.
portion of three loops/turns, and residue 298 is within
Experimental Proceduresthe  strand region of the thumb. Unlike the thumb loop
residues, which show a reduction in motion on binding
NMR Sample Preparation
the XRCC1 NTD, residues 243–249 of the handle loop DNA coding for the palm-thumb domain (149–335) of rat DNA poly-
show extensive motion both in the absence of the merase  (GenBank U38801) with an additional 5 sequence coding
for amino acids MGK (referred to as residues 3 through 1) wasXRCC1 NTD and on XRCC1 NTD binding. The values
cloned into the pET-28a(
) vector (Novagen). The -Pol palm-thumbfor J(H) for residues 243–249 in the complex were
was labeled uniformly with 2H, 13C, and 15N, with the exception ofsignificantly higher than those of the average structured
the 	-methyl groups of valine, the -methyl groups of leucine, andresidue in the complex, indicating that high-frequency
the -methyl group of isoleucine, which were labeled with 1H and
motion remains for residues 243–249 of the palm. 13C. The -Pol palm-thumb was expressed and purified as described
previously [10]. DNA coding for the N-terminal domain of XRCC1
(residues 1–157) was similarly cloned into the pET-23a vector and
overexpressed in BL21(DE3) containing the pLysS vector. UnlabeledMutational Analysis of the -Pol Palm-Thumb
XRCC1 NTD was purified essentially as described previously [5].To confirm the importance of the loop in XRCC1 binding,
XRCC1 NTD was added directly to the perdeuterated -Pol NMRtwo -Pol palm-thumb mutants were constructed. One
sample and concentrated to 300l. The NMR sample of the complexmutant introduced a deletion of residues 303–306, which
contained 700 M labeled palm-thumb domain, 1.1 mM unlabeled
is exposed in the X-ray structure and was not expected XRCC1 NTD, 46 mM Na2HPO4, 135 mM NaCl, 0.002% NaN3, 5 mM
to impart any structural change to the palm-thumb. In DTT, and 100 M AEBSF in 90% H2O/10% D2O (pH 6.8).
the other mutant, three of the hydrophobic groups at
NMR Experimentsthe binding interface (L301, V303, and V306) were substi-
NMR experiments on the -Pol palm-thumb have been describedtuted with arginine in order to disrupt potential hy-
previously [10]. All NMR data used in resonance assignments of thedrophobic interaction by the XRCC1 NTD. HSQC finger-
-Pol palm-thumb XRCC1 NTD complex were acquired at 25C on
print spectra of these mutant proteins demonstrate that a four-channel Varian INOVA-600 spectrometer equipped with a
each protein was still of native structure (Figure 8). Sig- pulse field gradient triple-resonance probe. Backbone resonances
as well as those of the  carbons were assigned with TROSY-nificantly, neither of the mutant -Pol palm-thumb do-
HNCACB and TROSY-HNCO spectra and by comparison with as-mains was able to bind the XRCC1 NTD, as determined
signed spectra recorded in the absence of the XRCC1 NTD. HN andby gel filtration HPLC. In the gel filtration experiment,
N resonances were later back corrected for TROSY J-coupling shiftsthe wild-type -Pol palm-thumb XRCC1 NTD complex
by comparing decoupled and TROSY-selected 15N HSQC spectra.
migrates as a single chromatographic peak, with a mo- Resonances for the methyl protons and side chain carbons of I, L,
lecular mass of 40 kDa. For the -Pol mutants, separate and V residues were assigned with (HM)CMC(CM)HM (which corre-
lates the 1H and 13C resonances of a protonated methyl group to itschromatographic peaks at 26 kDa and 16 kDa were
Mapping the -Pol-XRCC1 Interaction Interface
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attached carbon) [22] and with 15N-, 13C-edited NOESY spectra. The ondary structure identification (PSSI) [17], and torsion angle likeli-
hood obtained from shifts (TALOS) [18]. Traditional decoupled HNcorresponding dual acquisition 15N, 13C HSQC is shown in Figure 1.
Comparison with similar assigned spectra recorded in the absence and N shifts were used (i.e., not TROSY shifts) along with C shifts
uncorrected for Bloch-Siegert shifts. C and C shifts were correctedof the XRCC1 NTD facilitated methyl assignments. All pulse pro-
grams were standard Varian Protein Pack sequences (http:// for the deuterium isotope shift [27] by subtracting 0.5 ppm from C
chemical shifts [28] and adding 0.7 ppm to C. The CSI resultswww.varianinc.com), with the exception of the (HM)CMC(CM)HM
sequence, which was generously provided by Dr. Lewis Kay. (Figure 4) are the reported consensus predictions. For PSSI and
TALOS, any single residue that was predicted to be coil but thatNMR spectra were processed with NMRPipe [23] with scripts
generated from http://sbtools.uchc.edu. Spectra were analyzed and was flanked on either side with residues either both predicted to
be helix or both predicted to be sheet was ranked as helix or sheet,assigned with XEASY [24]. Spectra were referenced to the H2O reso-
nance relative to TSP, either directly (1H) or indirectly (13C, 15N) [25]. respectively. In all other cases, any single residue that was predicted
to be either helix or sheet but that did not have an adjacent helicalStandard 15N relaxation experiments were performed with Varian
Protein Pack sequences. For the 22 kDa palm-thumb, R1 spectra or sheet residue, respectively, was ranked as coil. For TALOS, all
residues were ranked as coil unless they displayed Ramachandranwere recorded with delays of 10, 60, 130, 250, 400, 500, 750, 1100,
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Note Added in Proof
The data referred to as “A. Marintchev et al., submitted” are now
in press: Marintchev, A., Gryk, M.R., and Mullen, G.P. (2003). Site-
directed mutagenesis analysis of the structural interaction of the
single-strand-break repair protein, X-ray cross-complementing
group 1, with DNA polymerase . Nucleic Acids Res., in press.
